 22   23 
INTRODUCTION
We next explored the possibility of introducing unique molecular barcodes at the 129 edited site, while retaining short repair templates. We targeted the gene CPAR2_101060 as 130 proof of principle, using a repair template with 30 bp of homology arms flanking 11 bp 131 containing stop codons in all open reading frames, and a unique tag ( Fig. 2A ). PCR 132 screening of 15 transformants showed that the barcode was incorporated in all ( Fig. 2A) . 133
The edited site was confirmed by sequencing. This approach will be useful in large scale 134 studies, as it results in the disruption of the gene regardless of the reading frame, and can 135 be used to specifically barcode each mutant strain for use in competition studies. We also 136 showed that short regions (30 bp) can be used to drive homologous recombination in C. 137 parapsilosis. 138 139 Nguyen et al. (30) showed that CRISPR-Cas9 can be used to reconstitute mutated 140 strains in C. albicans by reintroducing the wild type sequence at the native locus. In that 141 study (30), the edited sequence included a new PAM site that was targeted with a common 142 gRNA. To avoid adding even more sequences at the edited site, we instead selected a 143 naturally occuring PAM site 36 bp upstream from the edited region ( Fig. 2B) . A synonymous 144 SNP (G1420C) was introduced into the repair template so that we could distinguish the 145 reconstituted strain from the original wild type strain (Fig. 2B ). From 9 sequenced 146 transformants, two contained the reconstituted wild type sequence, removing the stop codon 147 and the barcode from both alleles, and introducing the synonymous SNP (reconstituted 148 allele: REC101060, Table S1 , doi:10.6084/m9.figshare.7752458). The remaining 7 all 149 contained the synonymous SNP, but they also retained the edited region and barcode, 150 possibly due to the lower efficiency of homologous recombination with increasing distance 151 from the Cas9 cut site, as discussed below (38) . 152 153 CRISPR-Cas9 gene editing in C. metapsilosis 154 155 Zoppo et al (36) showed that the original plasmid designed for CRISPR editing in C. and 48 bp of upstream and downstream homology regions designed to introduce two stop 166 codons were edited with 100% efficiency. All transformants were pink when replica plated on 167 YPD, and failed to grow on synthetic media in the absence of adenine ( Fig. 3B, right plate) . 168 PCR analysis of 95 transformants (Fig. S1 ) using a allele specific primer showed that 88 had 169 the expected mutation, which was confirmed by sequencing 6 representative transformants. 170
Repair by homologous recombination therefore occurs at a high rate in C. metapsilosis when 171 a suitable repair template is provided. Interestingly, in the absence of the repair template, 172 most colonies were also pink and adenine auxotrophs. Sequencing of 12 transformants 173 showed that a variety of Non-Homologous End Joining-like repair events had occurred, 174 including deletion of either 2 or 3 nucleotides, and insertion of 1 nucleotide, resulting in either 175 a frameshift or the deletion of one amino acid (Fig. 3D ). This suggests that repair via NHEJ 176 is common in C. metapsilosis (Fig. 3D) . 177 178 Designing a plasmid for gene editing in C. tropicalis 179 180 Some advantages of using a replicating plasmid-based gene editing system are that 181 any gene can be edited in any isolate in a markerless way. Currently, there are few methods 182 available for editing in Candida species other than C. albicans and the C. parapsilosis 183 species group. We found that the pCP-tRNA plasmid failed to generate nourseothricin 184 resistant transformants of C. tropicalis. We therefore adapted constructs designed by 185
Defosse et al (40) who identified suitable promoters and terminators for use in C. tropicalis. 186
We first replaced the GFP gene in pAYCU268 from Defosse et al (40) with CAS9 from Vyas 187 et al (25), placing CAS9 under the control of the TEF1 promoter from Meyerozyma 188 guilliermondii. pAYCU268 expresses SAT1 from the C. dubliniensis TEF1 promoter, and is 189 designed to integrate randomly in the C. tropicalis genome. We identified an autonomously 190 replicating sequence (CaARS2) which is reported to promote replication in C. tropicalis (41, 191 42), and introduced it into the pAYCU268 backbone. Finally, a tRNA cassette similar to that 192 in pCP-tRNA was synthesized and inserted into the plasmid, generating pCT-tRNA ( Fig. 4A confirmed the presence of the inserted stop codon ( Fig. 4D and E). In the absence of the 206 repair template, pink adenine auxotrophs resulted from the deletion of one base near the 207 Cas9 cut site ( Fig. 4B, Fig. S3A , Table 1 ). Non-Homologous End Joining-like repair events 208 therefore occur at a high frequency in C. tropicalis. Just like pCP-tRNA, the pCT-tRNA 209 plasmid is rapidly lost from transformants grown in the absence of selection ( Fig. 4) , this 210 minimizing the risk of Cas9 cutting at off-target sites. 211 212 Using CRISPR to introduce heterozygous mutations 213
214
One of the problems with CRISPR editing of diploid genomes is that it tends to be an 215 all-or-nothing affair -either both alleles are edited, or neither allele is. This can be a problem 216 with essential genes, where editing both alleles would be lethal. Vyas et al (24) approached 217 this problem by generating temperature sensitive alleles in C. albicans. However, Paquet 218 and colleagues (38) recently described how the design of the repair template can be used to 219 introduce mutations into just one allele in the genome of human cells. They showed that 220 there is an inverse relationship between the efficiency of incorporation of a desired SNP with 221 its distance from the Cas9-induced double strand break. This can be exploited to push the 222 editing system towards the introduction of mutations at one allele only. Alternatively, cells 223 transformed with a mixture of two different repair templates can incorporate a different 224 template at each allele (38). We tested if the same approaches are effective in C. 225 parapsilosis by targeting the (non-essential) gene CPAR2_101060. 226 227 Both strategies were used. In strategy 1, C. parapsilosis CLIB214 was transformed 228 with a plasmid targeting CPAR2_101060, and one of two repair templates. Both repair 229 templates carry three base substitutions (GGG>ATC) that disrupt the PAM, and introduce an 230
Ile154Gly amino acid change. In addition, one repair template contains one synonymous 231 SNP (C>G) 10 bp upstream from the Cas9 cut site, and the second contains a different 232 synonymous SNP (T>C) 19 bp upstream from the cut site ( Fig. 5A , RTs Het_LL1 and 233 Het_LL2, respectively). All the transformants obtained with either repair template that were 234 tested by PCR contained the ATC amino acid change that also disrupts the PAM (Fig. 5A ). 235
Seven transformants obtained with the first repair template (Het_LL1) were all homozygous 236 (either C or G) at the position 10 bp upstream from the cut site ( Fig. 5A , upper panel). Using 237 the second repair template (Het_LL2), 2 of 6 transformants tested were homozygous for the 238 wild type nucleotide, 3 incorporated C at both alleles, and one was heterozygous, with T at 7 one allele and C at the second ( Fig. 5A , lower panel). Increasing the mutation-to-cut site 240 distance can therefore increase the chances of obtaining heterozygous substitutions in C. 241 parapsilosis. It is probably necessary to disrupt the PAM site or the protospacer when using 242 this strategy, to prevent repeated recutting by Cas9. 243
244
In strategy 2, two repair templates (mixHet_1 and mixHet_2, Fig. 5B ) were supplied 245 simultaneously. Both were designed to introduce synonymous SNPs that disrupt either the 246 PAM or the protospacer. One repair template also contains a stop codon immediately 247 upstream of the PAM. Incorporation of one repair template at one allele and the other at the 248 second allele should generate a functional heterozygote, in which one allele has a stop 249 codon and one does not. PCR screening showed that one or other repair template was 250 incorporated in 14 of 16 transformants tested ( Fig. 5B ). For two colonies, PCR and 251 sequence analysis showed that both repair templates were incorporated, with a stop codon 252 introduced at only one allele (Fig. 5B ). The presence of the synonymous SNPs at both 253 alleles indicated that homology-directed repair had occurred at both, one using repair 254 template 1, and one repair template 2. Two different strategies can therefore be used in 255 combination with the pCP-tRNA plasmid to introduce heterozygous mutations. Supplementary Table S1 , doi:10.6084/m9.figshare.7752458) were grown in YPD 267 medium (1% yeast extract, 2% peptone, 2% glucose) or on YPD plates (YPD + 2% agar) at 268 30 °C. Transformants were selected on YPD agar supplemented with 200 µg/ml 269 nourseothricin (Werner Bioagents Jena, Germany). Auxotrophies were confirmed by growing 270 mutant strains on synthetic complete dropout media (0.19% yeast nitrogen base without 271 amino acids and ammonium sulfate, 0.5% ammonium sulfate, 2% glucose, 0.075% amino 272 acid dropout mix, 2% agar). All the plasmids used in this study ( Supplementary Table S3 , C. parapsilosis CLIB214 and C. metapsilosis CP61 strains were transformed using the 306 lithium acetate method as described in (27), with minor modifications. Each repair template 307 was generated by primer extension of overlapping oligonucleotides ( Supplementary Table  308 S1, Table S2, CpGAPDHp CpGAPDHt CptRNA Ala CCA ggaagagcTCGCGAgctcttcc GTT GGT ccttctcgAGCGCTcgagaagg CAA scaffold RNA HDV Figure 5 
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